We test the effectiveness of photometric redshifts based upon galaxy spectral template fitting for X-ray lumininous galaxies, using a sample of 29 sources that were detected by Chandra in the Hubble Deep Field and flanking fields. We find that sources with quasar-dominated spectra are easily identified, and that photometric redshifts are robust for the rest of the sources in our sample. Specifically, for the 24 sources that are not quasar-dominated at optical wavelengths, we find that the dispersion in redshift estimates is comparable to the dispersion for the field galaxy population in this region. There is no evidence for a trend of increasing dispersion with X-ray luminosity over the range L X = 10 39 − 5 × 10 43 erg s −1 , nor is there a trend with the ratio of X-ray to optical flux, f X / f R . The practical result of this work is that photometric redshifts should be robust for the majority (∼ 80%) of the X-ray sources down to f X ≈ 10 −16 erg s −1 cm −2 that have optical counterparts brighter than R ≈ 24. Further, it is straightforward to use the same photometry to identify the sources for which the photometric redshifts will fail. Photometric redshift estimation can thus be utilized as an efficient tool in analyzing the statistical properties of upcoming large Chandra and XMM-Newton data sets and identifying interesting subsamples for further study.
INTRODUCTION
Photometric redshift estimation is a powerful tool in extragalactic astronomy, and significant effort has been expended in recent years developing robust redshift estimation techniques. The most widely employed approach is to use spectral templates (either empirical or from stellar synthesis models) to derive optimal fits to the observed galaxy colors (e.g. Lanzetta, Yahil, & Fernández-Soto 1996; Fernández-Soto, Lanzetta, & Yahil 1999; Benitez 2000; Furusawa et al. 2000) . This approach has been highly successful for normal galaxies, achieving results as good as σ z = 0.06(1 + z) for the Hubble Deep Field (HDF; Fernández-Soto, Lanzetta, & Yahil 1999; Benitez 2000; Furusawa et al. 2000) . Extending upon this work, Budavári et al. (2001) and Richards et al. (2001) have recently found that photometric redshifts accurate to within ∆z = 0.2 can be obtained for 70% of quasars in the Sloan Digital Sky Surveyeven at z < 2.2, where quasar spectra lack a strong continuum break in the Sloan ugriz filters.
In this work we focus on X-ray luminous galaxies, and ask whether a self-consistent technique can be devised to obtain photometric redshifts for X-ray selected samples. Recent work on deep Chandra fields indicates that the resolved X-ray background is comprised of a variety of objects, including early-type ellipticals, starburst galaxies, weak and obscured active galactic nuclei (AGN), and quasars (see e.g. Mushotzky et al. 2000; Barger et al. 2001; Hornschemeier et al. 2001; Tozzi et al. 2001; Stern et al. 2002) . Given the disparate nature of these sources, the effectiveness of photometric redshifts is a priori unclear. Still, there are strong practical motivations for testing photometric estimation techniques with X-ray selected sample.
Foremost, an efficient means of redshift estimation is required to maximize the return from large Chandra and XMMNewton surveys such as the wide-field Chandra survey of the Lockman Hole (ObsIDs 3343-3348), ChaMP (Wilkes et al. 2000) , and the XMM-LSS survey (Pierre et al. 2001 ), and will also enhance the value of archival data from these missions. While extensive spectroscopic follow-up is planned for the Chandra surveys and for the XMM-LSS, there is an obvious benefit in being able to prioritize spectroscopic targets based upon their anticipated redshifts and object types (which can be better anticipated if their luminosities can be estimated). Photometric redshifts also enable large samples of objects to be studied at fainter magnitudes than is practical with spectroscopy. A number of the issues that the current surveys aim to address, such as evolution in the AGN X-ray luminosity function and evolution in the correlation function of faint X-ray sources, are statistical in nature and do not require the accuracy of spectroscopic redshifts. The added depth afforded by photometric redshifts is a significant advantage in these cases. Consequently, if one can attain a level of accuracy for X-ray sources comparable to what is achieved for "normal" galaxies, photometric redshifts will be a valuable tool. If not, then the limitations of photometric redshift techiques must be established.
The specific goals of this research are as follows. First, we assess the validity of photometric redshifts for X-ray selected samples, quantifying the fraction of sources for which traditional galaxy spectral template fitting is valid. Second, we search for trends between the redshift residuals and other physical quantities to test whether there is a range of X-ray luminosity or flux ratio, f X / f R , over which photometric redshifts degrade. Finally, we wish to determine whether the objects for which galaxy photometric redshifts fail (such as quasars) can be easily identified based upon the optical photometry. The data is described in §2, and the results are presented in §3. In §4 we summarize our work and discuss prospects for future studies with larger and fainter samples. We assume Ω 0 = 0.3, Ω Λ = 0.7, and H 0 = 100h km s −1 Mpc −1 .
THE DATA
We focus on the Hubble Deep Field (HDF) and flanking fields due to the extensive spectroscopy and multiwavelength observations available for this region. Our sample is derived from the X-ray catalog of Hornschemeier et al. (2001), 1 which contains 82 sources (80 extragalactic). This catalog is based upon a 221.9 ks Chandra observation, with minimum detectable fluxes in the hard (2-8 keV) and soft (0.5-2 keV) f x ≈ 1.3 × 10 −16 and f x ≈ 6.5 × 10 −16 ergs s −1 cm −2 , respectively. Spectroscopic redshifts, primarily from Cohen et al. (2000) , and U n , G, R, K s photometry (Hogg et al. 2000) exist for 30 of these sources, which are listed in Table 1. 1 Of the 30 sources, six are in the HDF proper and have previous photometric redshifts from Fernández-Soto et al. (2001) . For one galaxy, HDF 36569_1302, Fernández-Soto et al. (2001) dispute the spectroscopic redshift, arguing that the published value is attributable to the halo of a nearby, brighter galaxy. Due to this uncertainty, we exclude HDF 36569_1302 from our analysis. Figure 1 shows the distribution of optical and X-ray properties in our subsample, compared to the properties of the full Hornschemeier et al. (2001) catalog. Our subsample includes 60% of the extragalactic sources with optical counterparts brighter than R = 24.5 (87% brighter than R = 23). Since spectroscopic redshifts are lacking for the 30 sources with R > 24.5 we are unable to study this subset of the population, which includes the majority of faint X-ray sources with high f X / f R . We emphasize that the results presented in this paper are not applicable to these sources. 
PHOTOMETRIC REDSHIFTS
We derive photometric redshifts using BPZ, the Bayesian photometric redshift code of Benitez (2000) . This code uses spectral template fitting, but applies a Bayesian prior based upon the F814 magnitude distribution of the HDF (i.e. in addition to using the galaxy colors to determine the redshift, it also takes into account the I-band magnitude of the galaxy). We use the six spectral templates described in Benitez (2000) -four based upon spectral energy distributions (SED's) in Coleman, Wu, & Weedman (1980) (E/S0,Sbc,Scd, and Irr) plus two derived from spectra for starburst galaxies in Kinney et al. (1996) . One challenge for the current analysis is that we lack I-band data for comparison with the HDF magnitude priors. Fortunately, the code is not strongly sensitive to errors in the I-band magnitude used for the prior, so we make the coarse assumption that R − F814 ≃ 1 (comparable to an elliptical galaxy at z ≃ 0.5) for all galaxies in the sample. We also test the code with R − F814 = 0, finding that the choice of fiducial color yields a negligible difference in estimated redshifts.
FIG. 2.-Template quasar spectra used in the photometric redshift code. The dashed line separates the SDSS composite spectra (short wavelength), which is corrected for stellar contamination, from the PDS 456 spectra. Simpson et al. (1999) obtained J− and K−band spectra for PDS 456; between these two bands we interpolate.
We employ a two-part approach in deriving photometric redshifts. A necessary first step is to identify objects with quasardominated spectra at optical wavelengths, since photometric redshifts based upon galaxy spectral templates fail for these sources. Hence, it is important to quantify what fraction of Xray sources are quasar-dominated and to identify these objects so that photometric redshifts can be derived by other means (e.g see Budavári et al. 2001; Richards et al. 2001) . To this end, we construct a quasar template using the optical SDSS composite spectrum of Vanden Berk et al. (2001) , coupled with infrared spectra of PDS 456 from Simpson et al. (1999) . For the SDSS composite, we apply a correction for stellar contamination, assuming that the contamination increases linearly from 10% at 6000A to 30% at 8500A, which is based upon estimates in Vanden Berk et al. (2001) . The resulting template is shown in Figure 2 . We then include this quasar spectral template in the SED library and run the photometric redshift code without Bayesian priors. We find that 5 of the 29 sources in our sample, including the four highest redshift sources 2 , are best fit by a quasar spectrum. We exclude the quasar-dominated sources from the subsequent analysis, but record the photometric redshift estimates for these sources and include them in subsequent Figures. For the remaining 24 X-ray sources, all of which are at z < 1.1, we perform a second iteration of redshift estimation in which we exclude the quasar spectrum and include the Bayesian magnitude priors. The results are shown in Figure 3 . We derive a scatter σ z = 0.08(1 + z) for these sources.
FIG. 3.-Photometric redshift vs. spectroscopic redshift. The crosses are the 5 sources that are AGN-dominated at optical wavelengths ( §3). The solid circles are the other 24 sources in our sample. The dashed lines correspond to the 1σ dispersion σz = 0.14(1 + z) measured for the Cohen et al. (2000) sample at z < 1.1. For the AGN-dominated sources, the redshift is based upon the best fit to the quasar spectral template discussed in §3. Cohen et al. (2000) provide spectroscopic redshifts for a total of 529 galaxies in the Hogg et al. (2000) photometric catalog, enabling construction of an X-ray quiet comparison sample. Excluding the Chandra sources and galaxies at z > 1.1, the redshift dispersion for this catalog is σ z = 0.18(1 + z). This scatter is dominated by a handful of outliers -if we employ σ-clipping with rejection of outliers beyond 3.5σ, then 11 our of 447 galaxies are rejected and the dispersion reduces to σ z = 0.14(1 + z). This value is larger than the scatter for the HDF (σ z 0.10(1+z) for 7 filters; e.g. Fernández-Soto, Lanzetta, & Yahil 1999; Benitez 2000; Furusawa et al. 2000) , but not unreasonable given the larger photometric uncertainties and smaller numer of passbands in this analysis. Comparing with X-ray subsample, we conclude that with the exception of clearly quasar-dominated sources the dispersion in photometric redshifts is no greater for X-ray sources than for the field galaxy population.
To assess whether there is any indication that the redshift estimates start to degrade above some threshold luminosity, we plot dz/(1 + z) against X-ray luminosity (L X ) in Figure 4a , where dz is the difference between the photometric and spectroscopic redshift. Aside from the quasars, there is no indication of failure up to L X = 5 × 10 43 h 2 erg s −1 , the luminosity of the brightest non-quasar-dominated source in our sample. We also find no statistically significant trend with f X / f R (Figure 4b ). 
SUMMARY AND DISCUSSION
In this Letter we use a sample of X-ray sources in the Hubble Deep Field region to test the robustness of photometric redshifts for X-ray luminous galaxies. For the 24 out of 29 sources that are not quasar-dominated at optical wavelengths, we find no degradation in the accuracy of photometric redshifts as compared to the field galaxy population. We also find that the redshift residuals exhibit no trend as a function of X-ray luminosity or f X / f R for these sources. These results indicate that photometric redshift estimation can be a valuable tool for studying large samples of X-ray selected objects. We demonstrate that it is feasible to quickly identify objects whose spectra are quasardominated at optical wavelengths and derive robust photometric redshifts for the other ∼ 80% of sources that have optical counterparts brighter that R ≈ 24, which includes roughly half of the sources detected in Hornschemeier et al. (2001) . Stern et al. (2002) speculate that the sources fainter than this threshold include hard sources with high f X / f R that are possibly obscured AGN at z 5. Photometric redshifts may be the only viable approach for studying this population. This paper is a first step towards quantifying the robustness of photometric redshifts in the transition region between quiescent galaxies and quasars. The next required step is extension of this work to fainter optical magnitudes, using larger spectroscopic samples coupled with uniform optical and infrared data. 
